We examined the processing of apoptotic ameloblast fragments at the transitional stage by immunocgtocbemistry and electron microscopy. Both macrophages and epithelial cells in the enamel organ ingested apoptotic bodies. MHC Class II antigen expression and the phagolysosomal nature of the macrophages were further examined by immunoelecaon microscopy using OX6 and ED1 antibodies followed by HRP or gold-conjugated secondary antibodies. The results showed that macrophages in the enamel organ at the transitional
Introduction
Apoptosis has been extensively studied in processes of normal development, such as limb formation, secondary palate formation, and T-lymphocyte selection in the thymus, as well as in cancer (Kerr et al., 1995; Mori et al., 19944; Garcia-Martinez et al., 1993; Hiraishi et al., 1993; Cohen, 1991; Bowen and W h i n , 1981) . Earlier studies (Kerr et al., 1972) have shown that cell debris (apoptotic bodies) from apoptotic cell fragmentation is engulfed by adjacent cells or macrophages. Ameloblasts ofthe rat incisor at the transitional stage change their morphology and function, in which they shorten their height and play a role in adjusting enamel matrix protein secretion, resorption of the formed enamel matrix, and elevation of calcium concentration (Warshawsky, 1988) . Macrophages, some ameloblasts, and papillary layer cells contain cell debris preferentially at the transitional stage (Jessen and Moe, 1972; Moe and Jessen, 1972; Reith, 1970) . Whereas macrophages phagocytose apoptotic enterocytes in the guinea pig small intestine, they do not phagocytose apoptotic enterocytes nor do they show morphological signs of extensive phagocytosis in the rat small intestine (Han et al., 1993; Iwanaga, 1995) . An earlier study (Takano and Ozawa, 1981) showed that ameloblasts have fairly strong acid phosphatase Correspondence to: Dr. Sumio Nishikawa, Dept. of Biology, Eummi Univ., School of Dental Medicine, 2-1-3 Eurumi, Tsurumi-ku, Yokohama 230, Japan. stage expressed MHC Class II antigens at their plasma membranes and that the same cells contained apptotic fragments in ED1-positive vacuoles. We suggest that diverse immunological responses, such as the self-antigen ptewntation, may be invoked in the procsss of apoptosis. (J Histochem Cytocbem 4&1459-1467, 19%) KEY WORDS: Apoptosis; MHC Class 11; Macrophages; Ameloblasts; Phagolpsome; Immunocytochemistry; Rat incisor; Ultrastructure.
(ACPase) activity and that at the light microscopic level no macrophage-like cells with conspicuous ACPase activity are seen in the enamel organ [ Figure 1 in %o and Ozawa (1981)l. Therefore, the functional diversity of macrophages during apoptotic processes in different tissues led us to examine a recently established example, i.e., the apoptosis of ameloblasts at the stage of transition in the rat incisor (Nishikawa and Sasaki, 1995) . In the apoptotic ameloblasts, chromatin condensation in the nucleus and nuclear DNA fragmentation were revealed by electron microscopy and by TdT-mediated dUTP nick end-labeling ("EL) tests (Nishikawa and Sasaki, 1995) .
Macrophages are also known to be antigen-presenting cells (APCs), as are dendritic cells and B-cells expressing major histocompatibility complex (MHC) Class I1 (Kleijmeer et al., 1995; Marks et al., 1995; Harding and Geuze, 1992) . Macrophages take up not only soluble proteins via macropinocytosis but also particles such as pathogenic bacteria through phagocytosis (Harding and Geuze, 1992) . In this study, phagocytosis by ameloblasts, papillary layer cells, and macrophages was examined with conventional electron microscopy and with immunocytochemistry for MHC Class I1 (0x6) and macrophage phagolysosomal membrane protein (ED1) (Damoiseaux et al., 19%; Dijkstra et al., 1985) . This study has shown for the first time that the macrophages ingesting apoptotic bodies express MHC Class I1 antigen. We suggest that diverse immunological responses, such as self-antigen presentation, may be invoked in the process of apoptosis. 
Materials and Methods
Male Wistar rats (190-290 g) were anesthetized with sodium pentobarbital and perfused with an appropriate fixative, (described below) via the left ventricle for 10-15 min. Maxillary and mandibular incisors were dissected and then immersed in the same fixative at 4°C for 1-2 hr. For immunofluorescence and immunoelectron microscopy. the fixative used was composed of 4% paraformaldehyde, 0.5% glutaraldehyde in 0.1 M phosphate buffer, pH 7.2. For acid phosphatase detection, the fixative used was composed of 2% paraformaldehyde, 0.25% glutaraldehyde, and 8% sucrose in 0.03 M PIPES. Fmtion protocols were described previously for conventional electron microscopy (Nishikawa and Sasaki, 1995) . After being washed with an appropriate buffer solution, the specimens were decalcified with 5% EDTA in 0.1 M phosphate buffer in a cold room for 3-4 weeks.
Immunofluotescence Micrmwpy. Decalcified incisors were cut in longitudinal cryosections (6-8 pm thick) using a cryomicrotome (Tissue Tek 11; Miles, Naperville, IL). Sections laid on glass microscopic slides were labeled at room temperature (RT) for 30-60 min with OX6 monoclonal antibody (MAb) (Serotec; Kidlington, Oxford, UK) for MHC Class I1 antigen at a conceqtration of 10 pglml with 1% bovine serum albumin in phosphate-buffered saline (1% BSA-PBS) and with ED1 MAb (Serotec) for lysosomal membrane antigen of macrophages at a concentration of 20 pglml in 1% BSA-PBS. In ED1 antibody labeling, some sections were preincubated at RT for 5 min with 0.05 % Triton X-100 for improvement of antibody permeability. After being washed three times for 5 min each in PBS, the sections were labeled at RT for 30 min with FITC-conjugated anti-mouse IgG (Cappel; West Chester, PA) diluted 1:50 with 1% BSA-PBS. Some immunolabeled sections were further labeled at RT for 20 min with Hoechst 33342 (0.1 pglml in PBS) (Molecular Probes; Eugene, OR) to detect DNA. Specimens were examined with a fluorescence microscope (Fluophot; Nikon, Tokyo, Japan).
Immunoelmron Microscopy. Decalcified incisors were cut in longitudinal cryosections (20-30 pm thick) using a cryomicrotome (Tissue Tek 11). For ED1 labeling, sections were incubated with 0.05% Triton X-100 at RT for 30 min. After being washed with PBS, sections were incubated with 1% BSA-PBS and labeled at 4'C overnight with OX6 (10 pglml) or ED1 (20 pglml). After being washed with PBS, the sections were labeled at 4°C overnight with W-conjugated anti-mouse IgG (Cappel) diluted 1100 with 1% BSA-PBS. After being washed with 0.05 M Tris-HC1 buffer (pH 7.6) twice for 15 min each, specimens were fixed for 1 hr with 1% glutaraldehyde in Tris-HCI buffer. They were processed with diaminobenzidine (DAB, 0.2 mglml in 0.05 M Tris-HCI) at RT for 30 min and then with DAB plus 0.005% H202 for 5 min. Specimens were postfii with 1% 0s" tetroxide, dehydrated with a series of ethanol, and embedded in TAAB Epon 812 (TAAB; Reading, UK). Ultrathin sections were stained with uranyl acetate and lead citrate, or lead citrate alone, and examined with a Jeol 1200 EX electron microscope (Jeol; Tokyo, Japan). Some of the specimens were labeled with gold-conjugated secondary antibody (Auroprobe EM, 15 nm;
Amersham, Poole, UK) diluted k40 with 1% BSA-PBS at 4 C overnight.
After being washed with 0.05 M Xis-HC1 buffer and being fixed with 1% glutaraldehyde at 4'C for 1 hr, specimens were processed as described above.
Detection of Acid Phosphatase Activity. For electron microscopy, thick cryosections were incubated at RT for 30 min with a reaction medium composed ofO.045 M acetate buffer (pH 4 . 3 , 7.3% sucrose, 0.9 mglml lead citrate, and 0.27% sodium P-glycerophosphate (Gomori, 1952) . Control sections were incubated in a reaction medium containing 10 mM sodium fluoride. After being washed with cold PIPES buffer (30 mM) containing 8% sucrose. specimens were postfixed with 1% osmium tetroxide for 2 hr and embedded in Epon 812. Ultrathin sections were examined after staining with uranyl acetate and lead citrate.
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Results
Ingestion of Apoptotic Bodies by Macrophages, Papillary Layer Cells, ana' Ameloblasts at the Transitional Stage
At the transitional stage, cell debris was seen in the ameloblast layer and in the papillary layer. Ultrastructurally, the debris consisted of typical apoptotic bodies that exhibited electron-dense cytoplasmic fragments or nuclear fragments with crescent-shaped condensed chromatin. Apoptotic bodies were ingested by macrophages (Figure la) , papillary layer cells ( Figure Ib) , or ameloblasts at the transitional stage ( Figure IC) . Various degrees of digestion were observed in these cells. Some apoptotic bodies were also observed in the intercellular space of the papillary layer and the ameloblast layer.
MHC Class II Antigen Expression in Macrophages Adjacent to Ameloblasts at the Transitional Stage
Immunofluorescence microscopy with OX6 antibodies revealed that bright fluorescent cells were abundant in the papillary layer at the maturation stage and in the connective tissues above the enamel organ. Although fluorescence in the enamel organ at the proliferation and differentiation stages was rare, in adjacent connective tissue single cells were occasionally labeled with OX6 antibody. 0x6positive cells in the connective tissue increased at the stage of enamel secretion. At the transition stage, when ameloblasts change their morphology and function and undergo apoptotic processes, one or two large, stellate 0x6-positive cells were observed at the interface between ameloblasts and papillary layer cells (Figures 2a  and 2c ). Double labeling with OX6 and Hoechst 33342 revealed that Hoechst dye-positive small globules showing apoptotic nuclear fragments were often contained in 0x6-positive cells at this stage (Figures 2a and 2b) . In immunoelectron microscopy, the plasma membrane of the macrophages was strongly labeled with OX6 (Figure 3) , although some macrophages were not labeled or only weakly labeled. The 0x6-positive macrophages had a large and highly irregular contour and often exhibited apoptotic bodies, with various degrees of digestion, and lysosomal bodies (Figure 3b ). In general, apoptotic bodies were not labeled, but positive DAB reaction products were detected in some specimens, with partial disruption of the plasma membrane. Some artifactual DAB reaction products were seen at the portion of the plasma membrane of cells adjacent to the positive macrophage, based on the observation of the specimens using gold-conjugated secondary antibody, in which no gold labeling was seen in the adjacent cells (Figure 3b) . In cross-sectional planes at the basal part of the ameloblasts, an islet of 0x6-positive cells was occasionally observed. Therefore, macrophages protrude their processes beyond the intercellular junction into the ameloblast layer. At the maturation stage, nonepithelid cells were strongly labeled with OX6 antibodies. Ultrastructurally, these stellate cells had scanty cytoplasmic organelles and resembled dendritic cells. k Figure 5 . Acid phosphatase activity in a macrophage (M) located between papillary layer cells (P) and ameloblasts (A). Lysosomes and phagolysosomes are positive for acid phosphatase. Bar = 1 pm.
ED1 Immunocytochemistry Against Macrophage Lysosomal Membrane Antigen ana? Acid Phosphatase Enzyme Cytochemistry in the Transitional Macmpbages
In ED1 immunofluorescence microscopy, osteoclasts and smaller mononuclear cells in connective tissues adjacent to the enamel organ exhibited bright fluorescence. In the enamel organ, no ED1 fluorescence was detected at the proliferation, differentiation, and secretion stages. At the maturation stage, a few cells were labeled with ED1 antibody in the papillary layer. At the transition stage, small dot-shaped ED1 labeling was seen at the interface between papillary layer cells and ameloblasts (Figures 2d-2f ). No specific labeling was seen in control sections (Figure 2g ). In immunoclectron microscopy, the labeled structures at the transition stage were apoptotic bodies or endocytotic vacuoles of macrophages ( Figure  4) . In the specimens that used gold-conjugated secondary antibody, the labeling site was the phagosomal membrane surrounding apoptotic bodies (Figure 4 ) . The plasma membrane was scarcely labeled.
Acid phosphatase (f%glycerophosphatase) activity in the enamel organ of the rat incisor was relatively strong in the ameloblast at the secretion stage, gradually decreased at the transition stage, and was weak at the maturation stage. In the papillary layer, acid phosphatase activity was weak at the light microscopic level; although stronger labeling of lysosomes in macrophages was seen by electron microscopy (Figure 5) . Lysosomes in the ameloblasts at the transition stage, papillary layer cells, and macrophages in the connective tissues adjacent to the enamel organ were positive. OX6 and ED1 did not label the plasma membrane and the apoptotic bodies in ameloblasts and papillary layer epithelial cells.
Discussion
Transitional ameloblasts alter their major function from matrix secretion to matrix resorption and increase of calcification (Wanhawsky. 1988; Smith, 1979;  Smith and Wanhawsky, 1977; Kallenbach. 1974; Reith, 1970) . However some minor resorptive activity at the secretion stage and some secretory activity at the maturation stage are also observed (Nanci et al., 1992) . Acid phosphatase activity in transitional ameloblasts has been reported to differ in intensity when different substrates are used in enzyme histochemistry (see references in Sasaki, 1990) . In our study, apoptotic death of ameloblasts was confirmed by electron microscopy, whereas a previous report (Nishikawa and Sasaki, 1995) revealed DNA fragmentation of apoptotic nuclei by use of the TUNEL method.
In this study, OX6 antibody against MHC Class I1 antigen was detected on the plasma membrane of macrophages that ingested apoptotic cell fragments into their cytoplasm. It is known that antigen-presenting cells (APCs) express MHC Class 11 proteins on their surfaces (Unanue, 1984) . Macrophages, as well as lymphatic B-cells and dendritic cells, are APCs, and anti-MHC Class I1 antibodies localize on the APCs' plasma membranes (Kleijmeer et al., 1995; Marks et al., 1995; West et al., 1994; Harding and Geuze, 1992,1993; Peters et al., 1991; Unanue, 1984) . APCs play a role in the phagocytotic processing of antigens, such as pathogens, and in pinocytotic processing of soluble antigens (Harding and Geuze, 1992; Peters et al., 1991) . Therefore, it is very probable that 0x6positive macrophages seen to ingest apoptotic bodies in the current study present their own proteins derived from ameloblast apoptotic bodies, because expression of Ia antigen, which is the epitope ofthe anti-MHC Class I1 antibody used in this study, is closely related to antigen presentation (Unanue, 1984) . Labeling of OX6 antibody exhibited some variations in macrophages in the enamel organ in this study. This apparent heterogeneity might be explained by the transient expression of Class I1 antigens by macrophages (Beller and Unanue, 1981) . Further study is necessary to clarify the relationship between ingestion dapoptotic bodies and the extent of MHC Class I1 expression in the macrophages of the enamel organ. ED1 antibody labeled some of the apoptotic bodies, with apparent advanced digestion in macrophages, in this study, which is consistent with the result obtained by Damoiseaux et al. (1994) . By using the phagocytotic model of peritoneal cells in vitro that was unrelated to phagocytosis as an apoptotic process, those authors demonstrated that ED1 strongly labeled phagolysosomes in macrophages and that it also faintly labeled dendritic cells. They discussed the EM antigen relationship to the LAMP family and to CD68. Because the ED1 antibody did not label ameloblasts or papillary layer cells in this study, this antibody is a useful marker for detecting lysosomal activity in macrophages in teeth. Dental pulp and periodontal ligament have been reported to possess a variety of ED1-positive macrophage populations (Kawahara and Takano, 1995; Kawahara et al., 1992; Okiji et al., 1992) . These dental tissues include papillary layers at the maturation stage containing 0x6positive dendritic cell-like populations, but their function is thus far unknown (Takano et al., 1995; Ohshima et al., 1994) .
